Carnosine (β-alanyl-L-histidine) is synthesized in the olfactory system, has antioxidant activity as a scavenger of free radicals and has been reported to have neuroprotective action in diseases which have been attributed to oxidative damage. In neurodegenerative disorders, such as Parkinson's and Alzheimer's diseases, impairment of olfactory function has been described. Vanadium derivatives are environmental pollutants, and its toxicity has been associated with oxidative stress.
reactions acting as a hydrophilic anti-oxidant, and thus decreases the levels of reactive oxygen species, 5, 6 lipid peroxidation and cell membrane disruption. 4 Carnosine protects the brain from damage after a traumatic brain injury in animal models because it modulates the activity of antioxidant enzymes such as glutathione reductase and catalase. 7 In addition, it has a protective effect via protein cross-linking in neurons. 8 Previous studies have shown that carnosine could have beneficial effects on neurodegenerative diseases and their animal models. 9 Vanadium exerts its effect by producing reactive oxygen species (ROS) as a result of the reduction of vanadate to vanadyl. 10 Vanadium traces from oil combustion are found throughout the environment, and for some biological systems, it is considered an essential trace element. 11, 12 The levels of vanadium in the air have increased due to the increment of fuel combustion with high vanadium content. [13] [14] [15] A high concentration of vanadium in the particulate matter (PM 2.5 ) has been found in the liver, kidney, brain, heart, muscle and bone and is associated with oxidative stress and lipid peroxidation. 16, 17 It is also associated with damage to many cellular organelles and molecules including DNA, proteins and lipids. 18 Exposure to vanadium PM is considered an environmental risk factor for neurodegenerative disorders. 19 Occupational exposure to vanadium has shown an increase in anger-hostility, depression-dejection and fatigue. 20 Also, neurotoxic activity has been reported such as a decrease in tyrosine hydroxylase (TH) and dopamine (DA) levels in the olfactory bulb accompanied by impaired olfaction and locomotion. 21 In previous studies, we have demonstrated that inhaled vanadium generates dendritic spine loss in granule cells and necrosis in the olfactory bulb, resulting in an impairment of olfactory function, 22 neuronal depletion in the substantia nigra and a decrease in the number of dendritic spines in the medium-sized spiny neurons in the striatum. 23 Olfactory dysfunction in neurodegenerative diseases is associated with cell loss in the olfactory bulb. 24, 25 Previous studies reported an improvement in some neurological symptoms in patients with Parkinson's disease (PD) that used carnosine as an additional therapy with L-DOPA. 26 This is also true in Alzheimer's disease (AD) models treated with carnosine, which show a reduction in the accumulation of amyloid beta peptide in hippocampal interneurons. 27, 28 In the hemi-Parkinsonian rat PD model carnosine reduced rotations, attenuated apoptosis of substantia nigra pars compacta and restored catalase activity. 29 The purpose of this study was to analyse the neuroprotective effect of orally administrated carnosine on olfactory function, lipid peroxidation and morphological changes in the olfactory bulb in a model where injury was due to vanadium inhalation.
| MATERIALS AND METHODS

| Chemicals
Vanadium pentoxide (99.99% purity), carnosine, 1,1,3,3-tetramethoxypropane and 1-methyl-2-phenylindole were purchased from Sigma-Aldrich. Acetonitrile, methanol, hydrochloric acid, sodium chloride, toluene, and sodium phosphate monobasic and dibasic were obtained from JT Baker. Silver nitrate, osmium tetroxide, glutaraldehyde, paraformaldehyde, sodium cacodylate buffer, Araldite 6005 kit, uranyl acetate and lead citrate were purchased from Electron Microscopy Sciences.
| Ethical approval
The experimental protocol was made in accordance with the Animal Act of 1986 for Scientific Procedures and the Mexican Guideline for Animal Welfare (NOM-062-200-1999) for care and use of laboratory animals. All efforts were made to minimize the number of animals used and their suffering.
| Animals
Forty CD-1 male mice weighing 35 ± 2 g (2 months of age) were housed in plastic cages (5 per cage) under laboratory conditions (22 ± 3°C, 57% of humidity and controlled lighting 12-h light/12-h dark), fed with mouse chow (Purina Rodent Chow, Purina Rodent Laboratory Chow, México City, México) and had access to drinking water ad libitum.
| Experimental design
The weight of the mice was monitored every day to adjust the dosage of carnosine. The animals were divided into four groups (n = 10 per group): control, vanadium pentoxide (V 2 O 5 ) inhalation, V 2 O 5 inhalation plus orally administered carnosine simultaneously and orally administered carnosine.
The vanadium inhalation group was exposed as described by Fortoul et al 30 and Bizarro-Nevares et al. 31 Knowing that the half-life of vanadium is about 48 hours, we planned an exposure twice a week. Twenty animals were placed in an acrylic box (35 cm wide × 45 cm long and 20 cm high); there, they inhaled a solution of V 2 O 5 (0.02 mol/L) in saline for one hour twice a week for four weeks. The vanadium concentration inside the chamber was 1.44 mg/m 3 . Control mice inhaled only the vehicle (saline) on the same schedule as the prior group. Inhalations were performed in closed acrylic boxes connected to an Ultra Nebulizer (WH-802; Yue Hua, Taipei, Taiwan) to nebulize the vanadium solution, maintaining a constant flow of 10 L/min. Based on the manufacturer's instructions, about 80% of the aerosolized particles reaching the mice would be expected to have a mass median aerodynamic diameter (MMAD) of 0.5-5 μm range.
The carnosine treatment was given orally in water to the corresponding groups (n = 20) 1 mg/kg 32 7 days per daily for four weeks. All animals were sacrificed on the fourth week after the exposure and treatment.
| Olfactory test
The buried food test measures the ability to recognize chocolate. To evaluate the olfactory function, an initial test was needed before the exposure to vanadium and to treatment with carnosine in order to have a basal behaviour record of the animals. Forty animals were trained before the experiments. Food and water were removed from the cages twelve hours before the test. The first phase was for them to associate the smell of chocolate with its taste. Pieces of chocolate were placed inside the cages over a period of 10 hours. Afterwards, food and water were supplied again. Two days later, one night before the second phase of the test, food and water were removed again.
The next day the buried food test was applied before the experiment and then again after four weeks exposure to vanadium and the administration of carnosine, and the mice were transferred to a different box, which contained a piece of chocolate buried 2 cm deep. The time it took the animals to locate the piece of chocolate was registered. 33 This test was repeated three times hiding the chocolate in different places in the cage.
| Cytological method
Twenty animals were anaesthetized with sodium pentobarbital overdose and perfused via the aorta with saline (0.9% NaCl), 2% paraformaldehyde and 2% glutaraldehyde (pH 7.4) in 0.1 mol/L phosphate buffer. After the perfusion, the olfactory bulbs were dissected and placed in a fixative solution for two hours at 4°C. The bulbs for each animal were taken alternately (right and left) and were processed for cytological and ultrastructural analysis. For the cytological analysis, the bulbs were processed with the rapid Golgi method as previously described. 34 All the samples were handled under the same experimental conditions and at the same time. The blocks were cut into 90-μm sections. For the cytological analysis of the four groups, twenty-five granule cells from each olfactory bulb were analysed directly in a light microscope (BX51, Olympus, Miami, FL, USA), equipped with a micrometric ocular lens. The major and minor axes of the granule cells were measured directly under a light microscope. The size of the granule cells was measured in μm.
The dendritic spines in 20 μm from 50 secondary dendrites of 25 granule cells were counted for each mouse from every group (five animals). Different focusing planes were selected by adjusting the micrometric knob. In total, each group has 125 neurons. Spine density was represented as number of spines / 20μm of the dendritic length.
| Ultrastructural method
For the ultrastructural evaluation with a conventional transmission electron microscopy, the olfactory bulbs were postfixed in 1% osmium tetroxide (pH 7.4), buffered with sodium cacodylate pH 7.2 at 4°C, dehydrated in graded ethyl alcohols and embedded in Araldite 6005. Ultrathin sections were obtained with a Reichert-Jung microtome, placed on copper grids, contrasted with uranyl acetate and lead citrate and analysed with an electron microscope (Zeiss EM 10). 35 The study also included an ultrastructural analysis of 100 granule neurons from each mouse of the four groups; the analysis consisted in identifying the presence or absence of ultrastructural alterations (necrosis, apoptosis and vacuolated organelles).
The count was expressed as percentage means.
| Lipid peroxidation
Twenty mice were anaesthetized with sodium pentobarbital and perfused via the aorta with a saline solution (NaCl 0.9%).
The olfactory bulbs were quickly dissected to measure malondialdehyde (MDA), an important toxic by product of lipid peroxidation. Homogenates (1:10, w/v, in 50 mmol/L phosphate buffer pH 7.4) were mixed with 10 mmol/L 1-methyl-2-phenylindole (prepared in a mixture of acetonitrile/methanol 3:1) and concentrated HCl (1.3:4.3:1; v:v:v). The mixture was incubated for 40 minutes at 45°C. Afterwards, the samples were centrifuged at 3000× g for 5 minutes. The optical density of supernatant was measured at 586 nm. 36 The content of MDA was determined using a standard curve of tetramethoxypropane and was expressed as nmol MDA/mg protein.
| Statistical analysis
The data were expressed as mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) was performed for two independent variables followed by the Tukey's post hoc test using the GraphPad Prism software (GraphPad Software, San Diego, CA, USA). A P < 0.05 was considered statistically significant.
| RESULTS
| Olfactory function
The olfactory function was altered in the mice exposed to vanadium in comparison with the control group. But, in contrast, the mice treated with carnosine with or without the exposure to vanadium showed similar results to the control group mice (Figure 1) . No clinical signs of toxicity were observed in the experimental animals.
| Cytological analysis
The analysis showed that the size of the granule cells in the group exposed to vanadium was smaller than the granule cells of the control group; however, the groups treated with carnosine with or without the vanadium exposure showed similar values to the major and minor axes observed in the control group (Figure 2) . The quantitative analysis showed that the group exposed to vanadium had a significant decrease in dendritic spine density ( X = 4.29 ± 0.20; Figure 3B Figure 3A) . However, the group exposed to vanadium and treated with carnosine had a significantly higher dendritic spine density in comparison with the group exposed to vanadium without carnosine, but this density was significantly lower in comparison with the control group ( X = 6.72 ± 0.20; Figure 3C ). The group treated only with carnosine showed similar values to the control group ( X = 8.37 ± 0.26; Figures 3D and 4 ).
| Ultrastructural analysis
The ultrastructural examination revealed that the treatment with carnosine alone showed undamaged granule cells in the olfactory bulb, similar to the control group (Figure 5A, D) . However, ultrastructural alterations were observed after vanadium exposure. The observed changes were as follows: apoptotic cells with condensation and chromatin margination and dark cells with shrunken soma, pyknotic nuclei and irregularly clumped chromatin. The former modification is compatible with a variant of necrotic neuronal death, which showed the Golgi apparatus, the rough endoplasmic reticulum cisterns and the swollen mitochondria and vacuolation with cytoplasmic condensation (Figures 5B and 6 ). In contrast, mice exposed to vanadium and treated with carnosine showed less neuronal death and damaged organelles in comparison with the vanadium-exposed mice with no carnosine treatment ( Figures 5C and 6 ).
| Lipid peroxidation
The lipid peroxidation expressed as nmol MDA/mg protein was 0.149 ± 0.012 in the control group. The exposure to vanadium caused a significant increase in MDA content (0.23 ± 0.012) in comparison with the control group. However, the group exposed to vanadium and treated with carnosine had MDA levels significantly lower (0.135 ± 0.02) than the group exposed only to vanadium (untreated with carnosine). The 
| DISCUSSION
Some of the metals associated with atmospheric pollution are vanadium and nickel, 37 and olfactory impairment has been attributed to such environmental factors. 38 Neurodegenerative diseases, such as Alzheimer′s and Parkinson's diseases, are characterized by an olfactory dysfunction. For instance, patients with Parkinson's disease showed a progressive olfactory loss. [39] [40] [41] Vanadium is an air pollutant that induces oxidative stress, which may contribute to lipid peroxidation, increased MDA and neuronal death. 42, 43 The neurotoxicity of vanadium has been reported in previous studies. [44] [45] [46] Intranasal administration of vanadium adversely affects the olfactory function and the levels of tyrosine hydroxylase and dopamine decrease in the olfactory bulb. 21 In this study, vanadium inhalation resulted in olfactory dysfunction, size alteration of the granule cells and loss of dendritic spines in the prior-mentioned cells. These changes could be associated with alterations in the actin cytoskeleton, which is necessary for the maintenance of the dendritic spines as previously reported. 47, 48 Several reports associate vanadium toxicity with increased ROS production, 49 which also activates the nuclear factor kappaB (NF-kappaB) that could induce the production of metalloproteinase 9 (MMP9). 50 Previously, we reported an increase in matrix metalloproteinase activity of the olfactory bulb in mice exposed to inhaled vanadium. 51 MMP9 regulates and remodels the dendritic spines and the synaptic hippocampal physiology.
52-54
Also, the inflammation induced by vanadium could reduce spine density by inhibiting the secretion of IL-2. 46, 55, 56 On other hand, carnosine showed a neuroprotective effect as it prevented an olfactory dysfunction and it increased the number of dendritic spines in the granule cells of the mice exposed to vanadium and treated with carnosine. Our findings might be due to the antioxidant carnosine effect that inhibited the neurofilament aggregation induced by the hydrogen peroxide. 57 The ultrastructural analysis of the organelles in the granule neurons of the control and carnosine group showed no alterations. However, in the olfactory bulbs of vanadiumexposed mice, necrotic and apoptotic cells were observed; this could be due to an increase in lipid peroxidation and ROS formation, resulting in alterations of the cell membrane and the production of 4-hydroxynonenal and cytotoxic aldehyde products. 42, 46, 58 These alterations were attenuated in the group exposed to vanadium and treated with carnosine, probably due to the scavenger effect on the free radicals and the reduction in oxidative stress. In addition, the olfactory bulb of mice exposed to vanadium showed increased MDA concentrations in comparison with the control group and with the groups treated with carnosine. This finding evidences that lipid peroxidation occurred in the vanadium-exposed group, but was prevented with the carnosine treatment. Also, carnosine is an anti-oxidant and has a role in bivalent metal ion chelation with therapeutic potential in age-related disorders. 59 The administration of carnosine reduces oxidative stress in neurological and mental diseases such as PD and AD. 5, 6, 28, 60 The results obtained in this study support the neuroprotective effect of carnosine against vanadium oxidative effect on lipid peroxidation because of its anti-oxidative action.
Furthermore, carnosine decreases neuronal cell death in vitro 61 and reverses the production of hydrogen peroxide and the production of ROS in cortical neurons. 8 Also, reduced apoptosis in the substantia nigra pars compacta and catalase activity was restored in the PD model. 29 In addition, it showed an anti-apoptotic effect in experimental subarachnoid haemorrhage. 62 Moreover, the administration of carnosine attenuates the permeability of the blood-brain barrier. 62 Carnosine is secreted into the cerebrospinal fluid 63 and can be transported across PEPT2, present in the apical side of the choroid plexus epithelial cells, that modulate the disposition of exogenous carnosine, 64, 65 which could reduce the bloodbrain barrier disruption produced by vanadium exposure. 66 Thus our results suggest that the neurotoxicity produced by vanadium can be reduced by the administration of carnosine due to the decrease in ROS generated by vanadium exposure. In conclusion, the administration of carnosine reduces oxidative stress induced by vanadium by decreasing MDA concentrations associated with lipid peroxidation, and in addition, it reduces cytological and ultrastructural alterations in the granule cells of the olfactory bulb resulting in the improvement in the olfactory function. Further studies should be conducted to test the therapeutic effects of carnosine in neurodegenerative diseases.
